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Contact angle measurements were performed oif @amma-ray irradiated poly(lactic acid) (PLA) samples at several doses, using the
sessile drop method. It was found that irradiation alters the wettability of PLA. In particular, PLA wetting behavior changes from moderately
hydrophilic at low dose<{ 100 kGy), to hydrophobic after the samples were exposed above a thresholckel@66 kGy). At low doses,
wettability follows the Wenzel relation but beyond a threshold dose the Cassie-Baxter regime takes place. Scanning electron microscopy
(SEM) and atomic force microscopy (AFM) show that surface roughness of the samples increases as the applied dose increases. PL/
wettability changes are mainly a consequence of surface modifications as roughness promotes the formation of air pockets under a drog
which reinforces the hydrophobic nature of is surface *“Cgamma ray irradiation can be used to tailor wetting properties of PLA. The
method might have also application to produce biphilic PLA. Finally it is very important to remark that reported contact angles values for
PLA (by different authors) of untreated samples vary from 60 to 85 degrees. Reasons for this behavior are given in this article.

Keywords:Poly(lactic acid); wettability; gamma-irradiation; surface morphology; Cassie-Baxter; Wenzel.

Se realizaron mediciones @agulos de contacto en muestrasadalo poli-bctico (PLA) irradiadas con rayos gamma®€a varias dosis,
usando el ratodo de gotaésil. Se enconér que la irradiadin altera la humectabilidad del PLA. En particular, el comportamiento de
humectadin de PLA cambia de moderadamente bfilo a dosis bajas< 100 kGy), a hidbfobo despas de que las muestras fueron
expuestas por encima de una dosis umbra2(0 kGy). A dosis bajas, la humectabilidad sigue la réadaie Wenzel pero &s alk de una
dosis umbral el&gimen de Cassie-Baxter tiene lugar. Microseogectbnica de barrido (SEM) y microsc@pde fuerza @mica (AFM)
muestran que la rugosidad superficial de las muestras aumenta a medida que aumenta la dosis aplicada. Los cambios de humectabilidad ¢
PLA son principalmente una consecuencia de las modificaciones superficiales, ya que la rugosidad promueveda flerinalsias de aire
bajo la gota, lo que refuerza la naturaleza didba de la superficie. La irradidxi con rayos gamma de €opuede usarse para modificar las
propiedades de humectanidel PLA. El nétodo podia tener tamlén aplicaddbn para producir PLA bifico. Finalmente, es muy importante
sdialar que los valores dmgulos de contacto reportados para PLA (por diferentes autores) de muestras no tratauds @fra 85 grados.
Las razones de este comportamiento se proporcionan en éstsoart

Descriptores: Acido polilactico; mojabilidad; irradiaéin gama; morfolotn superficial; Cassie-Baxter; Wenzel.

PACS: 68,08.Bc; 61,82.Pv; 68,47.Mn; 68,36.bm

1. Introduction been developed to tailor PLA surface properties. For example
PLA surface wettability can be modified by the use of sev-
The last decades of research in polymer science and techn@ral techniques such as: plasma treatment (HergeR®15),
ogy have seen a sharp rise in the attention given to the desurface coating (Hendrick and Frey, 2014), or photografting
velopment of materials produced from renewable resourcefRasal and Hirt, 2010).
as an alternative to conventional petroleum-based polymers. It is the intention of the present study to report PLA
One of such materials is poly(lactic acid) (PLA), which is surface wettability changes after being irradiated witf{®Co
a readily biodegradable thermoplastic with reasonably goodamma rays at several doses. For this purpose, contact angle
optical, physical, mechanical, and barrier properties (Aurasneasurements were used to evaluate the wettability of the un-
et al, 2003). This plastic has generated great interest ageated and gamma-irradiated PLA samples. We found that
one of the most innovative materials being developed for ahe initially slightly hydrophilic PLA (approx. contact angle
wide range of applications (Rasal and Hirt, 2009, Ray and ~ 60°) of non-irradiated samples becomes increasingly hy-
Okamoto, 2003, Zhang and Feng, 2006, Gottschalk and Fregrophobic with increasing irradiation doses, reaching at high
2006, Zhuet al., 1990, Schugenet al, 1995, Okada 2002), doses, contact angles in the vicinity of°85
(Tsuji 2016). Moreover, PLA has the advantage that is ob-  Given that the observed changes in surface wettability of
tained from agricultural sources, such as corn, starch anglLA may be due to either topography effects or to modifica-
sugar cane. tion of PLA surface chemistry or both, we performed Atomic
Surface properties of PLA such as charge, conductivityForce Microscopy (AFM), Scanning Electron Microscopy
roughness, porosity, wettability, friction, physical and chem-(SEM) and X-ray Photoelectron Spectroscopy (XPS) stud-
ical reactivity and biocompatibility, are important in several ies on the samples to investigate the cause of such wettability
applications. Therefore different modification methods havechanges. The former pair of techniques (AFM and SEM) was
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C H were used to calculate the arithmetic mean, and standard de-
3 viation, the last quantity being of the order of 3 degrees or

/- -\ less.

2.4. XPS Measurements

C C O - Chemical composition of the surface samples was deter-
mined by X-ray photoelectron spectroscopy (XPS) using a
| | Thermo Scientific, K-Alpha model spectrometer, employing
_/ a monochromatic Al K (1486.6 eV) X-ray source. The di-
H O n ameter of the analysis area was 40@. The base pressure
of the analysis chamber was10mbar; however, a beam of
FIGURE 1. Chemical structure of poly(lactic acid). Ar ions was applied to the samples to reduce electrostatic
charges on their surfaces. This action increased the pres-
employed to visualize and compare topographic changes afure in the chamber up to 10 mbar in which the analyses
untreated and irradiated PLA surfaces while possible chemiwere performed. The overview survey spectra were taken be-
cal surface composition changes on the samples, were studiegleen 50 and 1300 eV with an energy step of 0.5 eV, while
using XPS. the detailed spectra of the peaks of interest (O 1s and C 1s)
were recorded with an energy step of 0.1 eV. The overlapping
peaks in detailed spectra were resolved by the peak synthesis
method, applying Gaussian peak components after a straight
21. Materials line background subtraction.

N

2. Experimental

PLA Biopolymer 2003D sheets of high molecular weight 2.5. Scanning Electron Microscopy
were provided by Ingéd' (Ingeo, 2003). Thickness of the . .
sheets was approximately 0.25 mm. The chemical structuréurface topography was examined with a JEOL JSM 5900LV

PLA is shown in Fig. 1. scanning electron microscope (SEM). With this SEM, sam-
ples can be observed without the need for coating by using
2.2. Sample irradiation the low vacuum capability of the instrument.

Samples were exposed to sevefdCo gamma radiation 2.6. Atomic Force Microscopy (AFM)

doses of: 100, 200, 400, 600, 800, 1000 and 1300 kGy, in ) o
air at room temperature. A dose rate of 3.5 kGy/h was ap£AFM measurements were carried out for quantification of the

plied using a Transelektro irradiator model LGI-01. surface area of the samples before and after gamma irradia-
tions. In this way surface area changes of the samples, con-
2.3. Contact Angle Measurement tributed by alterations in the surface texture, were estimated.

The AFM used was a Cyph&t S (Asylum Research), oper-

A homemade instrument equipped with a CCD camera waated in AC mode. The images were collected at a fixed scan
used to measure contact angles of water on samples by sesgitge of 1 Hz. The sampling rate was 256 samples/line and the
drop method under constant temperature and humidity condXY Scan Range of 3@m.
tion (25°C, 65% RH). Distilled water was used. The volume
of the drop placed with a micropipette on the surface of a%  Results
examined sample was 3 MmThe time that elapsed, from ="
the moment the drop was placed to the momentwhen aclosg1  \wettability
up snapshot was taken, was within the range of 30-60 s for
all the measurements. Before contact angle measurements investigate the effects of gamma-ray irradiation on wet-
were performed, samples were previously rinsed with ultratability, static contact angle measurements were carried out.
pure water in an ultrasound bath for 15 min, and then driedrigure 2 shows the variation of contact angle with different
in an oven at 40C for 30 min. gamma-ray doses. The contact angle value on pristine PLA

The static contact angle of a drop’s profile was measuresvas measured to be 60.{+ 1.3), similar to one value al-
for each photograph using the software package, ImageJ (Inmeady reported in literature (Koo and Jang, 2008). However,
ageJ, 2015), with the dropsnake plugin (Stale=al., 2006). it is very important to remark that reported contact angles
This plugin was employed to define the contour of the dropvalues for PLA (by different authors) of untreated samples
as a B-spline curve, which was extended by mirror symmetryary from 60 to 85 degrees. Reasons for this behavior will be
to determine the interfacial contact points. Twelve measurediscussed later in this article.
ments were performed for each sample; the lowest and the As shown in Fig. 2 contact angle tendency at the start, is
highest angle values were disregarded and the remaining tea slightly reduce its value at low applied doses, but after a
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doses.

T countif

600 800

Cis

1000

1200

L ]

12II:Il.'I = 1D‘|:|'ﬂ
a)

= counisls

T o T ) T
200 E00 400
Binding energy (eV]

0 is
“,
b

—T 1
200 i)

—
1200

b)

FIGURE 3. XPS survey spectra of a) non-irradiated sample b) irra-

—
10040

Li d L b T
il ] il 400
Binding energy [&V)

diated at 1300 kGy dose.

200 kGy dose is applied, contact angle value abruptly grows Dose (kGy)
as the dose escalates, reaching a low incline plateau trend at

400 kGy dose.

L |
200 3]

3.2. Chemistry changes versus Topography

It is well known that observed changes in the contact angle
values may be due to alterations of surface chemistry of the

samples and/or to modifications in surface topography. We
shall first consider the question of surface chemistry changes.

3.2.1. Chemical Surface Composition

To quantitatively investigate the issue of chemical alterations
on the samples surface, that may lead to changes in its wetta-
bility, we carried out an XPS analysis on them. Fig. 3 shows
representative XPS survey spectra for two samples, namely
the non-irradiated PLA sample (0 kGy), and the sample irra-
diated at maximum dose (1300 kGy).

The PLA surface atomic composition for both samples is
reported in Table I. It can be seen from values in Table | that
irradiation treatment caused no major changes in the PLA
surface atomic composition as the carbon to oxygen ratio for
the irradiated sample remains nearly equal to the theoretical
stoichiometric carbon to oxygen ratio of PLA (C/O = 3/2).
Contaminants of Si and S were also found. Results at other
intermediate doses are similar and are not shown. However,
a peculiar result of the irradiation treatment is an increase on
the surface of PLA of a small amount of nitrogen, already
present in the untreated sample. After a 1300 kGy dose was
applied, the nitrogen to carbon and to oxygen ratios (N/C or
N/O) approximately augmented twice their values for both
cases, from those of the untreated sample. We shall comment
on this later.

The XPS high resolution C 1s peak decomposition for the
non-irradiated sample and the sample irradiated at maximum
dose is shown in Fig. 4. Samples showed three well resolved
components at 285.0 eV, 287.2 eV and 289.08 eV. The peak
at 285.0 eV corresponds to aliphatic carbons (C-C) and hy-
drocarbons (C-H) present in PLA, while the peaks at 287.0
and 289.1 eV can be attributed to C-O and O-C=0 groups
respectively.

Table Il presents the XPS C 1s relative peak areas, cor-
responding to the three mentioned carbon-containing bonds.
Small changes in the relative peak areas are observed after ir-
radiation treatment. On the one hand C-O area grows after the
sample was irradiated, whereas for the other two functional
groups, their areas suffer a small percentage decrement. Inre-
lation to these area changes, we must consider two points: on
the one hand, survey spectra as we have already mentioned,
shows a small increment of the nitrogen content on the sur-

TABLE |. Atomic Concentration of surface composition, for non-
irradiated and gamma irradiated sample at a maximum dose
(1300 kGy) obtained from XPS measurements.

Survey spectrum (Atomic %)

C1ls O1s N 1s Si2p S2p
0 63.64  34.03 1.61 0.72
1300 63.1 32.03 3.43 0.85 0.59
Nominal
stoichiometric  66.67  33.33 0 0 0
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FIGURE 4. High-resolution C 1s peaks of PLA (a) before and (b)

after been irradiated at maximum dose (1300 kGy).

TaBLE Il. C 1s components.

However, changes in hydrophobicity should not be at-
tributed to nitrogen incorporation. Nitrogen incorporation
on PLA surface has been previously reported in literature
after PLA samples were exposed to a medium pressure Di-
electric Barrier Discharge (DBD) (De Geyter, 2013). In ad-
dition, it was also reported that DBD exposure produced a
slight increase in hydrophobicity of the material. Neverthe-
less nitrogen addition to PLA surface is not an obvious cause
of PLA hydrophobicity enhancement as the mentioned DBD
discharges on PLA noticeably modified its surface chemistry.
Specifically, DBD treatment resulted in significant buildup of
C-0O and O-C=0 bonds, and a new C-O-C peak at 286.5 eV
emerged in the XPS spectrum. In contrast, the present work
shows no major changes in either chemical composition or
functional groups modifications on the surface after gamma
ray irradiation. So we must consider other reasons to explain
the observed hydrophobicity change.

3.2.2. Roughness and Wetting

We will now direct our attention to the dependence between
surface roughness and its wetting. In practice it is possible
to alter the wetting properties of a substrate by changing the
roughness of its surfacedefined as the ratio of the real sur-
face area to the apparent surface area. There are two ba-
sic models to describe the apparent contact angle of a drop
on rough surfaces. One was proposed by Wenzel and is de-
scribed by the following relation (Wenzel, 1949):

cos by = rcos by (1)

wherefyy is the actual contact angle on a real uneven surface
or Wenzel’s angley is its roughness, andy is the equi-
librium Young contact angle expected on an ideally smooth
surface. This model assumes that the liquid penetrates into
the nooks and crannies of the substrate. Since r is always
greater than 1, this model predicts an enhanced hydrophilic-
ity (6w < 6y) for hydrophilic surfacesty < 90°), and a

Functional Peaks eV Area (C 1s %) ?eigher hy(;rophobicityflw > fy) for hydrophobic surfaces
y > 90°).
group 0kGy 1300 Aarea The second model was developed by Cassie and Baxter
kGy (%) (Cassie and Baxter, 1944).1t supposes that the liquid does not
C-C/C-H 285. 55.28 54.26 -1.02
c-o 287 27.68  29.08 1.4 e ) .
0-C=0 289.1 17.04 16.65 -0.39 J i
face of the irradiated sample and, on the other hand, the en .
ergy difference between C-N (286.2 eV) and C-O (287.2) 4
functional groups is small (Briggs, 1990, Morent, 2008). .
These two circumstances could mean that, if a small amount * &
of nitrogen is being integrated to the surface of PLAas C-N , - T ‘1
groups, the incorporation of them will appear as a small over- = I
lapped line that might be adding area to the C-O group due 1} + 7 B ’ .
to its nearness increasing its area, in detriment of the percent ) 4' B ' 1 * Dose (kGy)
age contributions of the other two groups (C-C/C-H and O- 200 200 600 800 1000 1200
C=0). This could explain small changes noticed in the XPS
spectrum. FIGURE 5. Variation of the area factd$,,- with irradiation dose.

Rev. Mex. Fis64(2018) 1-7
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FIGURE 6. SEM images of gamma irradiated areas showing topographic changes.

entirely wet the uneven substrate. This condition can be ex- ¢m (deg)
pressed by the following equation (Marmur, 2003): 85

coscp =rpfcosbfy + f —1 (2) -

wheref g is the Cassie-Baxter contact angfeis the frac-
tion of the solid surface in contact with the liquid, andis
the surface ratio of the wet area to its nominal area. If the -, :

liquid entirely wets the uneven substrate thgn= 1 and 1

rf = r, and the Cassie-Baxter equation reduces to the Wen- 65 I

zel equation. Conversely, in case the liquid partially wets the

substrate f is less than 1 and since rf is always less than 1, JF Y 101 02 03 104 105 e
then the Cassie-Baxter model predicts that roughening a sur-

face always increases the contact angle even if the surfag@cure 7. Contact angles as function ofthe calculated rough-
chemistry is intrinsically hydrophilic. ness parameter.

75

3.2.3. Surface topography changes in PLA to calculate the roughness ratipgiven that by definition it
. is related to surface roughnesby S, = (r — 1)100.
There are many parameters describing the topography of Using atomic force microscopy measurements we have

a surfac_e (Gadelmawlat_ _al, 2002, ISO 25178). Atomic uantified the surface area rafig, of the samples. Figure 5
Force Microscopy quantifies a set of them. Some are usefghows the variation of the area factgy, with dose
for nanoscale related phenomena and others are suitable for It is observed that the area factor irncreases as the dose in-

larger scale processes. Here, according to the wetting mOdelseases This happens as PLA surface wrinkles with increas-
mentioned above, the parameter that concerns us is the sdi- - pp u wh With 1

face area ratio Sdr of the samples, defined as specified by t J r_adlatlo.n dose§ adding area t.o the sampile’s surfaces. T.h'S
act is readily confirmed by a series of SEM images shown in

IS0 25178, Fig. 6. Itis clearly seen that the PLA substrate goes from a
_ (textured surface arga (cross sectional arga very flat, wrinkle free surface, to a surface full of crevices and

= cross sectional area pores as radiation dose increases. Figure 7 shows the varia-

% 100 3) tion of measured contact angles as function of the calculated

roughness parameter

In other words, the ratio between interfacial and projected  The results presented in Fig. 7, reveal that at low dose the
areasSy,. provides the additional surface area contributed byhydrophilicity of PLA increases slightly as the PLA surface
texture. This parameter is especially useful as it can be usedoes in accordance to Wenzel's relation and consequently the

Rev. Mex. Fis64(2018) 1-7
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Unfortunately, the papers that report raw PLA contact an-
TABLE Ill. Reported PLA contact angle measurements. gles (see Table Il) do not indicate the roughness status of the
respective PLA surfaces. At most, in two of the works cited

author angle Surface in Table Ill, the root mean square (rms) of the surface height
topology is given when samples were analyzed by AFM, but not their
characterization roughness parameter In addition we must point out that
This work 60.1 4 1.3° AFM another factor altering contact angle measurements is surface
Chaiwonget al. 2010 60.4 & 4.4° AFM (rms) impurities. It was shown by De Marcet al. that debris on a
Caiet al 2002 69 4 3° None surche of a polymer stropgly affects the contact-angle results
_ leading to apparent spurious measurements. The true contact
Ding et al. 2004 70° None angle value is revealed after rinsing and drying the samples to
De Geyter 2010 75 None measure (De Marcet al,, 2010). As already mentioned, our
De Geyteret al. 2013 75° None samples were carefully rinsed and subsequently dried before
Yu et al. 2006 76.1 + 1.3° None carrying out contact angle measurements.
Licket al 1998 794 None
Cuietal. 2003 77.14 4+ 0.53° None 4. Conclusions
Croll, etal. 2004 79 AFM-Tms In this work, we have presented an ample and systematic
Jeon etal. 2013 84’5 None study of surface features of PLA following gamma-ray irra-
Rasal 2009 82 +0.2° None diation at several doses. In summary, Co60 irradiation was
Khorasaniet al. 2008 85° SEM gold found to alter the wettability of PLA. In particular, the PLA

wetting behavior changes from moderately hydrophilic’§60
to hydrophobic (85) after the samples were exposed to a

contact angle reduces its value. However at a certain thresif2réshold dose (and above). We observed that the changed
old roughness (see Fig. 7, around 1.01), the contact angrgettabnlty_ls rr_wamlyaconseque_nce of PLA surfac_e m_orph_ol-
suddenly jumps to a much higher value. This transition carP9Y modlflca_tlons induced at m|crosca_I(_-:-s, following irradia-
be interpreted as the sudden formation of air pockets undéfon Processing. At low doses, wettability follows the Wen-
the drop at that particular roughness (and beyond), due t6ellrelat|on but beyond a threshlold dose the Cassu?—Baxter
wrinkles formed on the PLA surface by irradiation treatment./€9ime takes place. The chemistry of the polymeric sub-
We have already mentioned that surface roughness promotdates was not essentially altered aftefCioradiation, as

the formation of air pockets under a drop, which reinforcesconfirmed by spectroscopic analysis.

the hydrophobic nature of the surface. For doses of 400 kGY’ Gamma-ray irradiation of PLA appears to be a versa-
and above, the Cassie-Baxter relation applies. ile technique for tailoring its wettability. Further, this tech-
nique could be applied to produce PLA biphilic surfaces (sur-

3.2.4. Raw PLA contact angle discrepancies faces which combine hydrophilic and hydrophobic regions),
by properly shielding selected regions from gamma rays. It
The contact angle of raw PLA has been measured many timdsas been recently realized that biphilic surfaces can alter the
by many authors in the past. They have performed thessize and number of droplets on their surfaces at freezing and
measurements because they have tried to change, by applyan delay the time required for a surface to freeze (Van Dyke
ing different surface treatments, the hydrophilicity of PLA. et al., 2015).
An inspection of the published literature on the subject re- We have pointed out that different contact angle values
veals that the reported measured contact angle for a PLA urirave been reported for untreated PLA samples. These mea-
treated sample varies from 60 to 85 degrees (see Table llisurements widely differ from each other. We have further
The wide discrepancies among reported values seem to town that such angle depends strongly on the surface to-
incongruous, as contact angles were supposedly measured pography of samples. Therefore, we conclude that when re-
the same material substrate. However one must take into aperting contact angle values, the surface morphology must be
count that surfaces are not ideal, that is to say smooth analso included. Unfortunately this is not currently practiced by
chemically homogeneous. We have already given evidencmany researchers, that simply report the angle and occasion-
that PLA wettability mainly depends on its surface’s rough-ally a loosely related surface feature such as its root mean
ness. square (rms).

coated samples
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